Organic field-effect transistors ͑OFETs͒ using a solution-processable form of the organic semiconductor tetrabenzoporphyrin were fabricated with a top coating of a soluble n-type organic semiconductor. The top coating was found to extend the lifetime of the device in that the field-effect mobility, subthreshold slope, and OFF-state current were maintained at or near their as-fabricated states. Oxygen doping by extended air exposure was effectively slowed by the electron-accepting coating layer. Coated devices also display a transfer characteristic indicative of a parasitic latch-up transistor formed at the back channel of the OFETs. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2115077͔
Organic field-effect transistors ͑OFETs͒ enjoy a wide and intense research effort as potential devices for low-cost flexible electronics.
1-3 Solution processable organic semiconductors, such as polymers or small molecules, typically fit the bill for such applications. However, ease of processing often comes at the cost of durability, in the sense that many organic semiconductors are very sensitive to ambient effects or postdeposition processing, namely the effects of absorbing oxygen, 4 or water, 5 or exposure to light. 6 In the case of processing following thin-film deposition processing, Yoshida et al. 7 coated vacuum-deposited pentacene with vacuumdeposited layers of n-and p-type organic semiconductors, while Rost et al. [8] [9] [10] utilized an evaporated bilayer n-and p-type structure to achieve ambipolar and light-emitting OFET behavior. Several works have examined tetrabenzoporphyrin ͑TBP͒, 11-13 a high-performance organic semiconductor whose simplicity and customizability offer great promise for organic semiconductors. After conversion from a precursor thin-film, TBP becomes insoluble, making it ideal for postprocessing steps such as metallization and encapsulation. In this work, we examine the effect of encapsulation with a soluble methanofullerene on staggered electrode OFETs fabricated using solution-processed TBP.
OFETs were fabricated using staggered source and drain electrodes and an unpatterned gate. Highly doped crystalline silicon wafers with a 100 nm thermal oxide were used as the substrate, unpatterned gate electrode, and gate insulator. Before organic thin-film deposition, substrates were cleaned by washing in acetone and isopropyl alcohol, followed by a 20 min exposure to ultraviolet ͑UV͒/ozone. The substrates were then soaked in reagent-grade ethanol for 20 min and dried with nitrogen gas. A 0.7% weight precursor solution was prepared by dissolving 1,4:8,11:15,18-22,25-tetraethano-29H,31H-tetrabenzo͓b,g,l,q͔porphine ͑CP͒ in chloroform, spun-cast onto the substrates, then thermally annealed in nitrogen at 210°C for 10 min to convert CP to TBP. Source and drain electrodes were then formed by thermally evaporating 60 nm of Au through a stencil mask. A 1% weight solution of ͓6,6͔-phenyl-C 61 butyric acid methyl ester ͑PCBM͒ ͑Ref. 14͒ was also produced in chloroform. After initial electrical testing of the TBP OFETs, the PCBM solution was spun-cast on top of the devices and thermally annealed in vacuum at 90°C to drive off the solvent. To examine a device's transfer characteristics, the gate-source bias ͑V GS ͒ was swept from the ON state ͑V GS ӷ V T ͒ to the OFF state ͑V GS Ӷ V T ͒, and back. To examine the output characteristic, V GS was stepped from ON to OFF, while during each step the drain-source bias, V DS , was swept from 0 V to − 40 V. Between tests, devices were stored in a dry nitrogen atmosphere ͑Ͻ100 ppm O 2 , Ͻ1 ppm H 2 O͒. We also coated TBP OFETs with the p-type air-stable organic semiconducting polymer F8T2. 6 While the long-term air exposure effects of the F8T2 coating are still being studied, in the short-term F8T2-coated TBP OFETs exhibit a reduced oxidation effect. However, whereas PCBM-coated TBP OFETs exhibit a consistent change in FE , V T , and I OFF , F8T2-coated TBP OFETs produce inconsistent results with regards to the same parameters. Furthermore, many p-type polymers are permanently effected by air exposure, whereas PCBM-as a coating here-required only low-temperature vacuum annealing to reverse air exposure effects.
Output and transfer characteristics immediately before and after coating are shown in Figs. 1 and 2, respectively. Distinct linear and saturation regimes are observed in Fig. 1 for both cases; no notable change in the contact resistance is observed. Ambipolar behavior is not observed for coated devices, either before or after exposure to air. Interestingly enough, the output characteristics for the coated OFETs display an enhancement in I D as compared to the uncoated de-vices. The transfer characteristics in the linear regime ͑Fig. 2͒, however, indicate that the threshold voltage, V T ͑Х −21 V±4͒, becomes more negative after the TBP OFETs are coated with PCBM, which is known to be an electron acceptor.
14 Shifts in V T from −1 V to − 4 V have been observed in the linear regime. Negligible differences are observed in the field-effect mobility, FE ͑Х5 ϫ 10 −3 cm 2 /V-s±4ϫ 10 −3 ͒, and the subthreshold slope, S ͑Х1.8 V / dec± 0.90͒. However, coated devices exhibit a small increase in the OFF-state current, from −50 pA to − 100 pA; and a kink is noticeable in the transfer characteristics around V GS = −20 V. We believe that this kink, which appears during initial electrical testing of coated devices but disappears after prolonged exposure to air ͑Fig. 3͒, results from the formation of a parasitic back-channel latch-up transistor. 15 As the accumulated charges from the OFET channel discharge in the subthreshold regime, the presence of the latch-up transistor can noticeably effect device operation; the effect is not observed when sweeping the devices from OFF to ON. Our preliminary measurements also indicate that the PCBM coating induces a significant increase in hysteresis in the transfer characteristics, whereas Aramaki et al. 12 reported that coating with an insulator, such as polymethylmethacrylate, effectively reduced transfer characteristic hysteresis. The cumulative effect of extended testing in dry air and the low O 2 content of the storage environment was observed to effect uncoated OFETs, as shown in Fig. 2 . In that case, exposure to air produced an immediate increase in the thin-film conductivity, which manifested itself in an increase in the accumulation regime field-effect mobility, the bulk conductivity, and the subthreshold swing. A similar effect was not observed here for coated devices. After initial device fabrication and testing, the OFETs were vacuum annealed at 90°C and returned to the aforementioned nitrogen environment for 8 months. Devices were then thermally annealed and tested in air to observe the effect of the extended presence of the PCBM coating on OFET behavior. Linear regime transfer characteristics exhibit minimal change after 8 months storage. A slightly lower S, as compared to just-coated devices, is observed. To clearly characterize the electrical response of the PCBM-coated TBP OFETs to air, after 8 months time, the devices were vacuum annealed at 90°C and tested during an extended exposure to air. A summary display of key linear regime device characteristics is shown in Fig. 4 . A trend with exposure to air is observed, with a decrease in the magnitude of V T , and increases in FE , S, and I OFF . However, the trend is reversible by thermal vacuum annealing at 90°C, and is not as marked as for uncoated devices. By comparison, a thermal vacuum anneal above 200°C is required to reverse the exposure effect in uncoated TBP OFETs, but even then the subthreshold slope is permanently effected.
Misalignment between the highest occupied and lowest unoccupied molecular orbitals of TBP ͑Ref. 13͒ and PCBM ͑Ref. 14͒ indicates that a PCBM coating will prevent electrons from entering the TBP film, preventing doping of the TBP that would increase its effective hole density. Indeed, the electrophilicity of fullerenes is well known, 16 and so the propensity of PCBM to reduce acts as a buffer to the airborne O 2 . The effect of PCBM on the TBP OFET electrical parameters can also be explained as follows. The increase in I D for V GS Ͼ −10 V results from the presence of more electron conducting material near the source and drain electrodes. The shift in V T , and the increase in hysteresis, likely result from an increase in positive space charge. A C 60 molecule can accept up to six electrons, and so the PCBM coat- ing is eventually permeated. It was reported for packaged PCBM OFETs that exposure to an ambient atmosphere increases FE and lowers the magnitude of V T ; the OFF-state current remains the same. 17 Thus, we can deduce that as the PCBM only reduces so much, oxygen eventually permeates through to the TBP thin film. Either a thicker encapsulation layer, or an film made of an electrically inert material, might be needed to completely stabilize the electrical properties of such devices.
We have studied the effects of coating solutionprocessed tetrabenzoporphyrin OFETs with a solutionprocessed methanofullerene thin film. Ambipolar transistor operation is not observed for these spun-cast devices, but an enhancement in device lifetime is observed in that exposure to air does not degrade device electrical performance as quickly as it does for uncoated OFETs. Coated transistors exhibit a shift in the threshold voltage, as well as a kink in the transfer characteristics that may indicate the formation of a parasitic latch-up transistor. 
